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Objective: Longitudinal quantitative evaluation of cartilage disease requires reproducible measurements
over time. We report 8 years of quality assurance (QA) metrics for quantitative magnetic resonance (MR)
knee analyses from the Osteoarthritis Initiative (OAI) and show the impact of MR system, phantom, and
acquisition protocol changes.
Method: Key 3 T MR QA metrics, including signal-to-noise, signal uniformity, T2 relaxation times, and
geometric distortion, were quantiﬁed monthly on two different phantoms using an automated program.
Results: Over 8 years, phantom measurements showed root-mean-square coefﬁcient-of-variation
reproducibility of <0.25% (190.0 mm diameter) and <0.20% (148.0 mm length), resulting in spherical
volume reproducibility of <0.35%. T2 relaxation time reproducibility varied from 1.5% to 5.3%; seasonal
ﬂuctuations were observed at two sites. All other QA goals were met except: slice thicknesses were
consistently larger than nominal on turbo spin echo images; knee coil signal uniformity and signal level
varied signiﬁcantly over time.
Conclusions: The longitudinal variations for a spherical volume should have minimal impact on the
accuracy and reproducibility of cartilage volume and thickness measurements as they are an order of
magnitude smaller than reported for either unpaired or paired (repositioning and reanalysis) precision
errors. This stability should enable direct comparison of baseline and follow-up images. Cross-
comparison of the geometric results from all four OAI sites reveal that the MR systems do not statisti-
cally differ and enable results to be pooled. MR QA results identiﬁed similar technical issues as previously
published. Geometric accuracy stability should have the greatest impact on quantitative analysis of
longitudinal change in cartilage volume and thickness precision.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The Osteoarthritis Initiative (OAI), a public-private partnership
jointly sponsored by the National Institutes of Health (NIH) and the
pharmaceutical industry, is targeted at discovering promising
biomarkers for identifying development and progression of
symptomatic knee osteoarthritis (OA)1. The OAI enrolled a total of
4,796 men and women ages 45e79, who either have, or are at
increased risk of developing, knee OA. This longitudinal natural
history study will evaluate these subjects for up to 8 years follow-
up with radiography and magnetic resonance (MR) imaging. TheE. Schneider, Imaging Insti-
venue, Cleveland, OH 44116,
s Research Society International. POAI MR protocol2 was designed to allow thorough clinical and
research evaluations of the femorotibial and patellofemoral joints
of both knees and the study utilized matched, dedicated 3 Tesla (T)
(Trio, Siemens Medical Solutions, Erlangen, Germany) MR systems
at four clinical sites.
Longitudinal quantitative evaluation of cartilage disease
including cartilage volume and thickness requires reproducible MR
measurements over time. One component of measurement repro-
ducibility is MR system stability and consistency. Standardized
quality assurance (QA) methods and centralized automated image
analysis were used to identify and to correct slowly developing
problems, such as gradient ﬁeld changes, eddy current increases or
magnetic ﬁeld decreases, prior to their impacting image quality or
quantitative analysis results. The OAI MR QA process3 was designed
to achieve consistency across the four sites enabling longitudinal
quantitative analysis and pooling results to increase the statistical
power. This report presents automated QA analysis results from theublished by Elsevier Ltd. All rights reserved.
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the variations in the QA metrics required for longitudinal, quanti-
tative analysis of knee MR images. Cross-calibration of the OAI MR
systems was presented in a prior work3. The timing and impact of
changes in the MR systems, phantoms, and acquisition protocols
over the course of the study are identiﬁed.
Methods
The four OAI MR facilities, located in Columbus, OH, Pittsburgh,
PA, Pawtucket, RI, and Baltimore, MD, were outﬁtted with matched
3 T Siemens Trio MR systems (SiemensMedical Solutions, Erlangen,
Germany), one quadrature transmit-receive head coil (USA Instru-
ments, Aurora, OH) and three quadrature transmit-receive knee
coils (USA Instruments, Aurora, OH). Service agreements with
monthly preventative maintenance visits by the manufacturer’s
service engineers were key components of the QA process in
addition to daily, weekly, monthly, and annual QA acquisitions by
the MR technologists3. Two aqueous phantoms were used: the
American College of Radiology (ACR) MR accreditation phantom4e7
was measured in the head coil with a phantom holder (Chamco,
Inc., Cocoa, FL); and a custom phantom (OAI)3 was measured in the
knee coil. Monthly and annual QA analyses were centrally per-
formed using automated image analysis software (SimplyPhysics,
Baltimore, MD) with performance speciﬁcations that were more
restrictive than, or equivalent to, variations allowed by the manu-
facturer or the ACR4e8.
The larger phantom (ACR; 148 mm length, 190 mm diameter)
was previously shown3 to be more sensitive to small MR system
changes than the smaller, study speciﬁc OAI phantom (120 mm
length, 115 mm diameter) due to sampling of a larger gradient ﬁeld.
For this reason, the majority of results focus on longitudinal
measurements of the ACR phantom. Furthermore, monthly QAwith
the ACR phantom was used to identify and initiate an additional
service call to correct drift or any other performance deﬁcits in the
MR system. Measurements included signal-to-noise ratio (SNR),
image uniformity, spatial accuracy, eddy current and gradient
calibration. The monthly QA acquisition with the smaller OAI knee
phantom was use to quantify the effects of MR system calibration
on a knee image and included assessments of length, diameter and
volume changes for cartilage quantiﬁcation. The ACR and OAI
phantom QA acquisitions were performed 2 weeks apart and thus
theMR system performancewas assessed twice eachmonth. All QA
acquisition protocols reﬂected the contrast and spatial resolution of
the knee acquisitions; QA acquisitions using the knee coil were
performed positioned 60 mm offset from magnet isocenter along
the righteleft (RL) axis to replicate the same physical locations used
for right (R60) and left (L60) knee MR exams.
In November 2005, the spatial resolution of both the monthly
and annual ACR acquisition was improved to better reﬂect the
spatial resolution of the OQI knee acquisition (changed to:
555704 matrix with 0.355 mm 0.45 mm pixel dimension). No
other QA acquisition protocol changes occurred during the study.
MR system hardware and software changes were minimized,
however inevitably changes were required to maintain or replace
broken hardware, including phantoms. The knee RF coils were the
same brand and design throughout this period; while one facility
(site 1) was able to use the same knee coil for the entire duration,
the other three sites had failures that required repaired and/or
replacement of the knee coil. During this 8-year period, all the MR
systems underwent one hardware upgrade to enable continued
maintenance (TIM Trio, Siemens Medical Solutions, Erlangen,
Germany) that included a change in the quadrature head coil (QED,
Quality Electrodynamics, LLC, Mayﬁeld Village, OH) but retained
the identical quadrature knee coils. In September 2005, thebuildingwhere theMR systemwas located at site 4was demolished
resulting in relocation of all the equipment. At this time, all soft-
ware and hardware, including the gradient, head and body RF coils
but excluding the magnet and knee coils, were replaced to create
a TIM Trio level MR system. The other three sites were upgraded to
the TIM Trio level in Spring 2010. The OAI phantom at sites 1 and 3
were replaced due to damage in September 2005 and November
2007, respectively. Because replacement phantoms have slightly
different physical dimensions, the data cannot be combined; hence
separate dimensional metrics are reported for the two periods for
these sites.
Precision for eachmetric was determined by ﬁrst calculating the
mean and variance of all measurements for each site individually.
These calculations were performed before and after any MR system
changed and well as pooled for overall reproducibility. The mean
was divided by the variance to determine the root-mean-square
(RMS) coefﬁcient-of-variation (CV%). All outliers were included in
the calculation toprovide a realistic representationof theMRsystem
variation. The metric mean for each system and time period was
used as a surrogate for the true systemvalue. Systematic differences
in metric values were evaluated using a two-sided paired Student’s
t-test for each study period. Pooled analysis compared the
measurements from all four sites for each study period.
Results
QA measurements were obtained for a minimum of 92 months
and a maximum of 97 months at each of the four sites. A combined
total of 398 monthly OAI and 363 monthly ACR phantom
measurements were included in this analysis. The number of
distinct phantom QA MR exams are identiﬁed per site in Tables IA
and IIA for the ACR and OAI phantom, respectively. During this 8-
year measurement period, the majority of QA performance
measures were within documented target speciﬁcations3. Previ-
ously, issues of poor knee coil signal uniformity and systematically
larger than nominal (3.0 mm and 5.0 mm) slice thicknesses had
been reported;3 during this reporting period, the same problems
were identiﬁed.
Geometric measurements
The longitudinal variation of the inside end-to-end length of the
ACR phantom was <0.20% RMS CV% and had overall standard
deviations (SDs) well below 0.5 mm (0.5 pixel) (Table IA,
[Fig. 1(A)]). The length was consistently 1e1.5 mm shorter than the
nominal value of 148.0 mm, one site was almost 2 mm shorter
using the pre-upgrade TRIO MR system. After the TIM Trio
upgrade, a further length decrease (range: 0.4e0.7 mm, factor of 2e
3 times larger than the SD; statistically signiﬁcant, overall
P¼ 0.005) was observed in addition to a decrease in the length RMS
CV%. Based on phantom length, the measurements for all sites
within each period (pre- and post-upgrade) are equivalent (P¼ 0.8
and P¼ 0.5, respectively).
The longitudinal variation of the inside diameter of the ACR
phantom was <0.25% RMS CV% (Table IB, Fig. 1(B)) for all sites. The
SD was again below 0.5 mm (0.5 pixel) for all sites and was
usually less than half this value. The measured phantom length was
equivalent to the nominal value of 190.0 mm for all sites during
each period (pre- and post-upgrade; P¼ 0.5 and P¼ 0.38, respec-
tively). Thus for the diameter measurement, all four sites are
equivalent. Consistent diameter measurements were achieved
using the RL and two diagonal axis measurements; the anteriore
posterior (AP) axis measurements were excluded because of
greater variability due to the intermittent presence of an air bubble.
The TIM Trio upgrade generally resulted in a decrease in the RMS
Table I
Longitudinal measurements of the ACR phantom (A) length and (B) diameter (at slice 5, 25 mm off-isocenter). No phantom changes occurred during the measurement period,
however all four systems were upgraded from the TRIO to the TIM TRIO level (site 4 in September 2005, the others in spring 2010). All system components including gradient
and body RF coils as well as softwarewere changed, only themagnet and knee RF coils remained identical. This change is more apparent in the lengthmeasurement (A). Actual
phantom length is 148.0 mm and diameter 190.0 mm
Site Overall Pre-upgrade Post-upgrade Pre- vs
post-upgrade
N RMS
CV%
Mean
(mm)
SD
(mm)
Min
(mm)
Max
(mm)
N RMS
CV%
Mean
(mm)
SD
(mm)
Min
(mm)
Max
(mm)
N RMS
CV%
Mean
(mm)
SD
(mm)
Min
(mm)
Max
(mm)
P-value
(A) ACR length
1 95 0.20% 146.8 0.29 146.1 147.4 78 0.14% 146.9 0.20 146.5 147.4 17 0.08% 146.4 0.12 146.1 146.6 <0.0001
2 93 0.22% 147.0 0.33 145.9 147.5 76 0.20% 147.1 0.30 145.9 147.5 17 0.13% 146.7 0.19 146.3 146.9 <0.0001
3 89 0.27% 147.0 0.39 146.2 147.6 70 0.19% 147.1 0.28 146.3 147.6 19 0.17% 146.4 0.25 146.2 147.1 <0.0001
4 82 0.27% 146.2 0.40 145.5 147.1 27 0.11% 146.7 0.17 146.5 147.1 55 0.17% 146.0 0.24 145.5 146.4 <0.0001
(B) ACR diameter (slice 5, 25 mm off-isocenter)
1 291 0.15% 190.0 0.29 189.3 190.5 240 0.15% 189.9 0.29 189.3 190.5 51 0.09% 190.2 0.18 189.8 190.4 <0.0001
2 279 0.13% 189.9 0.25 189.4 191.1 228 0.08% 189.8 0.16 189.5 190.3 51 0.22% 190.1 0.42 189.4 191.1 <0.0001
3 266 0.09% 189.7 0.18 189.3 190.3 209 0.08% 189.7 0.16 189.3 190.0 57 0.10% 189.8 0.19 189.5 190.3 <0.0001
4 246 0.13% 189.9 0.25 189.2 190.6 81 0.20% 189.8 0.38 189.2 190.6 165 0.05% 190.0 0.10 189.7 190.2 <0.0001
N is the number of measurements (one length and four diameters were measured at each time point; A/P measurements were excluded from this table due to air bubbles).
Overall (pooled data) signiﬁcance for pre- vs post-upgrade P¼ 0.0046 (length) and 0.018 (diameter).
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0.07e0.27 mm, same order of magnitude as the SD; statistically
signiﬁcant, overall P¼ 0.02).
Longitudinal variation of the inside end-to-end length and
diameter of the OAI phantom (data not shown) was 0.25% and
0.20% RMS CV%, respectively, and these measurements were less
sensitive to MR system calibration than the larger ACR phantom.
The inner length and diameter measurements of the OAI phantom
at R60 and L60 were also highly correlated.
The longitudinal variation of the three-dimensional spherical
volume of the OAI phantom was <0.4% RMS CV% (Table IIA,
[Fig. 2(A)]). The impact of a phantom change (w5% volume
increase) and the MR system upgrade (w1% volume decrease) can
be seen in Fig. 2(A) (November 2007 and May 2010, respectively);
a facility with large, easily identiﬁed changes was selected to
demonstrate this worst case example. The TIM Trio upgrade
resulted in a decrease in the RMS CV% for all sites except one (site 3)
which had identical variance pre- and post-upgrade. In addition, an
overall volume decrease due to the upgrade was identiﬁed (range:
0.84 mm3e2.1 mm3, a factor of 1.5e4 more than the SD; statisti-
cally signiﬁcant, overall P¼ 0.01). This signiﬁcantly decreased
volume is presumably caused by the same gradient changes that
caused the signiﬁcant length decrease and diameter increase
observed in the ACR phantom. No systematic drifts were identiﬁed.Table II
Longitudinal measurements of the OAI phantom (A) 3D spherical volume and (B) outer
replaced phantoms during the measurement period; the initial phantom measurements
immediately apparent in the 3D volume measurement (Fig. 3A). Approximate (original)
target T2 value is 50 ms
Site Overall Pre-upgrade
N RMS
CV%
Mean
(mm)
SD
(mm)
Min
(mm)
Max
(mm)
N RMS
CV%
Mean
(mm)
SD
(mm)
(A) 3D spherical volume
1 82 0.42% 212.8 0.90 208.1 214.5 60 0.39% 213.1 0.83
2 95 0.52% 211.1 1.10 208.5 214.1 76 0.33% 211.5 0.69
3 66 0.49% 221.5 1.09 219.6 223.6 34 0.30% 222.4 0.66
4 83 0.33% 209.4 0.69 208.1 211.5 16 0.35% 210.1 0.74
(B) T2 value (outer compartment)
1 328 1.67% 52.1 0.87 50.1 54.6 240 1.53% 52.2 0.80
2 380 4.58% 50.1 2.29 43.8 55.4 304 4.39% 49.9 2.19
3 280 3.84% 52.0 2.00 45.6 58.9 148 4.57% 51.1 2.33
4 336 5.43% 52.0 2.82 45.3 58.7 64 4.52% 50.5 2.28
N is the number of measurements (one volume and four T2 values were measured at each
volume) and 0.18 (T2).The longitudinal variation of the outer compartment T2 values
(target 50 ms) of the OAI phantom was <5.5% RMS CV% (Table IIB,
[Fig. 2(B)]). The longitudinal variation of the inner compartment T2
values (target 18 ms) ranged from 2.1% to 3.9% RMS CV% (data not
shown). Two sites had large seasonal ﬂuctuations. One site had
a systematic downward drift over the measurement period (trend to
lower T2 values over study period). These seasonal ﬂuctuations and
the slow downward drift are demonstrated in Fig. 2(B) (again the
worst case example). Any impact of the MR system upgrade (April
2010) is masked by the impact of environmental variability (overall
P¼ 0.18). T2valueswere comparablebetweensitesbefore theTIMTrio
upgrade (except site 1), aswell as between the right and left knee. The
TIMTrio upgrade resulted inno effective change in the RMSCV%. After
the upgrade, the outer compartment T2 values for only two sites (sites
1 and 2) were identical (P¼ 0.96) and for the other two sites (sites 3
and 4) these values were signiﬁcantly higher (P¼ 0.02) by 1.75 ms.
Discussion
We compare 8 years of longitudinal QA on four MR systems,
located at environmentally diverse and physically distant facilities.
We focused primarily on geometric measurements as they have the
largest inﬂuence on the accuracy and reproducibility of quantitative
measurements of anatomic structures, although the impact ofcompartment T2 value. Both site 3 (November 2007) and site 1 (September 2005)
(site 3¼ 44; site 1¼18) were eliminated from this report. This phantom change is
phantom spherical volume is 210 mm3 (new 222 mm3) and the outer compartment
Post-upgrade Pre- vs
post-upgrade
Min
(mm)
Max
(mm)
N RMS
CV%
Mean
(mm)
SD
(mm)
Min
(mm)
Max
(mm)
P-value
208.1 214.5 22 0.18% 211.9 0.39 210.8 212.4 <0.001
209.8 214.1 19 0.26% 209.4 0.55 208.5 210.4 <0.001
221.1 223.6 32 0.30% 220.6 0.67 219.6 221.8 <0.001
208.9 211.5 67 0.27% 209.2 0.57 208.1 210.7 0.002
50.5 54.4 88 1.85% 51.7 0.96 50.1 54.6 0.080
43.8 54.2 76 5.15% 50.6 2.61 44.1 55.4 0.32
45.6 58.9 132 1.60% 52.9 0.84 49.7 54.1 <0.001
45.8 56.5 272 5.42% 52.3 2.83 45.3 58.7 0.020
time point). Overall signiﬁcance (pooled data) for pre- vs post-upgrade P¼ 0.012 (3D
BA
Fig. 1. Example longitudinal measurements of the ACR phantom (A) length (site 1) and (B) diameter (site 4) from slice 5 (25 mm off-isocenter). In both (A) and (B), the solid green
line represents the nominal value (148.0 mm length; 190.0 mm diameter). In (B), the four measurement directions are individually identiﬁed: A/P (dark blue diamond), left/right (L/
R; pink square), left upper to right lower diagonal (diag up; yellow triangle), and left lower to right upper diagonal (diag down; blue circle). No ACR phantom changes occurred
during the measurement period, however the MR system upgrade (black arrow) occurred in April 2010 for site 1 and in September 2005 for site 4. This change is more apparent in
the length measurement (A). Actual ACR phantom length is 148.0 mm and diameter 190.0 mm.
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determined. Subjective or semi-quantitative assessmentswill notbe
altered by the very small changes in the QA measurements. The
stability of phantom T2 measurements as well as the impact of MR
system changes and phantom changes are also reported. Because of
its much smaller size, phantom T2 measurements are sensitive to
seasonal environmental ﬂuctuations, such as temperature which
may not only impact T2 values but may also impact detection elec-
tronics or overall power levels into the various system components.
We ﬁnd greater longitudinal variability in phantom T2 values than
those made in human cartilage9e14. The ﬁrst 3 years of longitudinal
geometric measurement on the four 3 T OAI MR systems resulted in0.04% and 0.6% RMS CV% for a 190.0 mm diameter and 148.0 mm
length object (ACR phantom)3. Over the inclusive 8-year period, this
variation increased to<0.25% for diameter and decreased to<0.20%
for lengthdue inpart to the impact of theMR systemupgrade. Keevil
et al.15 measured inner diameter reproducibility of 0.6% 0.2% over
a 160.0 mmdiameterobject over 3.5 years on a1.5 TMRsystem. This
QA evaluation as well as several other studies15e17 found the largest
impact onmeasurement accuracy and reproducibility to be in-plane
spatial resolution, SNR for edge detection, phantompositioning, and
air bubbles in the test object.
Due to sampling over a larger gradient ﬁeld, the larger test
object (ACR phantom) was again found to be more sensitive than
AB
Fig. 2. Example longitudinal measurements of the OAI phantom (A) 3D spherical volume (site 3) and (B) T2 value (site 1). In (A), the volume for the right (þ60 mm off-isocenter;
blue square) and left knee (60 mm off-isocenter; pink square) coil positions are tracked separately to understand the impact of gradient non-linearity. In (B), in addition to tracking
the right and left knee coil positions separately, the outer phantom is mathematically divided into are quadrants to understand the impact of RF non-uniformity as well as the
interaction between the RF and gradient ﬁelds. Thus four separate measurements are available for each the right and left knee coils positions. The top two quadrants are shown for
the left knee coil position (upper left quadrant pink square; upper right quadrant pink triangle) and the right knee coil position (upper left quadrant blue square; upper right
quadrant blue triangle). Both site 3 (November 2007) and site 1 (September 2005) replaced OAI phantoms (green arrow) during the measurement period. The MR system upgrade
(black arrow) for both sites occurred in May 2010. The 5% volume change in (A) was caused by the different phantom. Approximate (original) phantom spherical volume is 210 mm3
(new phantom: 222 mm3) and the outer compartment target T2 value is 50 ms.
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measurements were consistently 1e2 mm shorter than the
nominal value for the ACR phantom and were within the spatial
error found by other authors using only 2D gradient distortion
calibration18e20. Mulkern et al.20 found 0.87% RMS CV% for ACR
phantom length (mean 146.9 cm) and 0.55% RMS CV% for diameter
(mean 189.9 cm), which are comparable to the changes measured
in the OAI MR QA program. Over a 95 mm radius sphere, Wang
et al.18 found the maximal geometric error to be 2.0e2.5 mm. For
a similar sized test object, this error is larger than found in the OAI
MR QA program and by Mulkern20. Conversely, in the Alzheimer's
Disease Neuroimaging Initiative (ADNI) trial, 3 years of MR QA in
the head coil with a 200.0 mm diameter phantom foundapproximately 1 mm accumulated stretching in all dimensions
following 3D gradient distortion correction10.
Central cross-calibration of the ACR phantoms was reported in
the prior study3 and found the phantom inner diameters and
length were identical. However when these phantoms were
imaged at their local sites, small differences in geometric
measurements were observed due different gradient calibrations.
In the prior study the four OAI MR facilities were found to have
equivalent spatial metric values over the 3-year period and the
study images were able to be pooled for analysis3. In this manu-
script, all four MR systems during both the pre-upgrade and post-
upgrade periods were found to have equivalent ACR phantom
geometric values, thereby enabling pooling of the study images for
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(0.3e0.5%) and diameter (0.1e0.2%) however are signiﬁcant and
were found to result in signiﬁcantly decreased OAI spherical
volume measurements post-upgrade (0.4e1.0%, P¼ 0.01).
The ﬁrst 3 years of longitudinal spherical volumemeasurements
found 0.46% RMS CV%3. These measurements over 8 years, inclu-
sive, decreased to <0.35% RMS CV% in part due to the MR system
upgrade. These variations and even the 0.4e1.0% decrease in
spherical volume due to the upgrade are smaller than the unpaired
(repositioning and reanalysis) precision error found in the 3 T OAI
pilot studies for cartilage volume and thickness in the weight-
bearing femorotibial compartment with coronal fast low-angle
shot (FLASH) 3.0e6.4%, coronal multi-planar reformat (MPR)
dual-echo steady state (DESS) 2.4e6.2%, and sagittal DESS 2.3e8.2%
RMS CV21. The longitudinal variation in 3D volume and the decrease
in volume due to the system upgrade are also smaller than the
variation of annualized percentage change using paired analysis in
the femorotibial joint (N¼ 150)16. In this study, Hunter et al.22
found the SD of the cartilage volume metric to vary from 2.97% to
12.29%. Even cartilage thickness metrics in the weight-bearing
femorotibial joint measured using either FLASH (N¼ 239) or DESS
(N¼ 107) images were found to have greater variations over both
1 and 2-year periods23.
Themost signiﬁcant challengewith reproducibility of geometric
measurements and MR system changes could be alleviated if
gradient calibration allowedmanual overrides for the digital setting.
This would result in standardized gradient amplitudes and stan-
dardized distance measurements, which in turn would guarantee
the ability to pool data across study sites and guarantee the ability to
performsystemupgrades and service recalibrations on an as needed
basis without risking quantitative measurements. Similar to our
ﬁndings, Gunter et al.10 in the ADNI study also documented that
service recalibrations and MR system upgrades introduced
geometric changes larger than the longitudinal drift. With manual
gradient overrides, it would be possible to improve site-to-site
accuracy and to ensure hardware and software upgrades as well as
service visits do not impact geometric measurement accuracy and
reproducibility. SomeMRmanufacturers have this capability, others
do not. This ﬁnding is similar to that of Moorhead et al.9 where
between scanner variation had 0.8e4.0% and within scanner varia-
tion had 0.00e0.02% graymatter volume difference in 14 volunteers
across three sites (with two scans at each site). To enable pooling
data between sites for the CaliBrain project9, tissue classiﬁcation
software was developed to cross-calibrate the MR systems. Similar
to Moorhead9, the ADNI study10 utilized phantom-based scaling
correction to reduce observed longitudinal geometric variation in
human images by a factor of one-third or more. In contrast, the OAI
hadmore consistent between scanneraccuracyand less longitudinal
variability and should enable pooling of the data without per
scanner correction even with the MR system upgrade. This differ-
ence is most likely because only one vendorMR systemwas utilized
in the OAI and, although the knee MR exams were positioned
60 mm off-isocenter, the smaller imaging ﬁeld-of-view may have
contributed to the smaller longitudinal variation. As demonstrated
above, the systematic, scheduled collection of standardized QA
exams fromMRsystemsused in longitudinal,multi-center studies is
essential for the direct comparison of images as well as for longi-
tudinal data analysis.
The testeretest reproducibility of the T2 values (<5.5% outer
and <4.0% inner compartment RMS CV%) were similar to other
single site11 as well as multi-site longitudinal phantom studies24.
Our re-measurement precision was also within multi-site teste
retest human studies14 and encompassed the 1.9%e4.7% RMS CV%
reanalysis errors12,13. The stability of our phantom T2 measure-
ments in part reﬂect the seasonal environmental ﬂuctuationspresent in the magnet screen room, any external variations of the
power supply (even though two layers of independent power
conditioning were utilized), the uniformity of knee coil refocusing
pulses, as well as any evaporation that may have occurred (result-
ing in shorter T2 values). A one-to-one adjustment of the human T2
data should not be made based on the measured ﬂuctuations in
phantom T2 value, but rather the phantom data should be used to
minimize the environmental ﬂuctuations.
In conclusion, independent centralized QA analyses over the
ﬁrst 8 years of the OAI assessed the longitudinal consistency of the
MR image geometric distortion found <0.35% RMS CV% spatial
variability of 3D spherical volume. These ﬁndings are consistent
with prior results3. The MR system upgrade resulted in improved
stability, but slightly smaller length, diameter and spherical volume
measurements, all of which were statistically signiﬁcant. Spatial
reproducibility measurements indicated that longitudinal MR
system variations should have minimal impact on the accuracy and
reproducibility of cartilage morphometry, including thickness and
volume metrics during either the pre-upgrade or post-upgrade
periods. Comparison between systems indicates that pooling of
results is supported for this 8-year measurement period.
Measurements on the larger ACR phantom were more sensitive to
spatial dimension changes compared to those made on the smaller
OAI phantom. This was expected andwe recommend use of an even
larger rigid test object for geometric accuracy measurements in any
future longitudinal study.Author contributions
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